Benitoite (BaTiSi3O9) phases, which were partially-substituted by germania (GeO2) in order to stabilize the phase, were synthesized, and their optical properties were examined. The benitoite phase was crystallized by a small quantity of Ge-introduction into the benitoite composition. Clear blue emission with the peak at ~430 nm, due to the transition of 3 T1 → 1 A1 in the TiO6 octahedra, was observed at room temperature during the ultraviolet excitation, being sufficient for a visual confirmation. On the other hand, the reduction in blue emission intensity by the Ge-introduction was confirmed. This was qualitatively explained on the basis of configurational-coordinate mode without discrepancy.
Benitoite (BaTiSi3O9) is a titanosilicate mineral with a beautiful blue color, which is firstly discovered in San Benito, California, USA in about a hundred years ago. 1) This mineral has a hexagonal structure and consists of the isolated TiO6 octahedon and Si3O9 ring.
2) Since the benitoite indicates an intense blue photoluminescence (PL), it has been considered as a candidate for a tunable solid-state laser crystal in the blue region.
3) Thus, the benitoite is a significant material from the viewpoint of both mineralogy and optics. However, the benitoite is embedded in a metamorphic rock, i.e., serpentinite, (Mg,Fe)3Si2O5(OH)4, 4) meaning that the benitoite in nature is crystallized only metamorphism, i.e., under ultra-high pressure in the ground. 5 ) Therefore, it is extremely difficult to artificially synthesize the benitoite under ambient condition.
Dachille and Roy synthesized the high-pressure phase of Mg2SiO4 with spinel structure, by means of the substitution of Ge 4+ with larger ionic radius for Si 4+ , i.e., spinel-type Mg2(Si,Ge)O4, and estimated the phase transition pressure of Mg2SiO4 with olivine structure (low-pressure-phase) to the spineltype Mg2SiO4 (~10 GPa at 542°C). 6) This study encouraged us to stabilize the benitoite, BaTiSi3O9, by the substitution of Ge 4+ . Therefore, the aim of this study is to examine the germaniasubstitution effect on the phase stabilization of benitoite and its optical properties. Particularly, the effect of Ge-stabilization on blue PL intensity was discussed on the basis of configurationalcoordinate model.
Synthesis of crystalline samples with composition of BaTixSi3-xGexO9 (x = 0, 0.5 and 0.75) were attempted using a solid-state reaction; Commercial powders of reagent grade BaCO3, TiO2, SiO2 and GeO2 (Kojundo Chemical Laboratory) were thoroughly mixed and ground in an alumina mortar. The mixturs were placed in a platinum crucible with a lid and calcined at 900-1000°C for 24 h in an electric furnace. The batch weight was 10 g. Subsequently, the calcined sampls were reground and sintered at 1150-1250°C for 12 h in air. A natural mineral of benitoite (produced from San Benito, California) was also used as a sample with x = 0 in this study. Identification and lattice constants of the crystalline phases obtained after the sintering were examined by an X-ray diffraction (XRD) analysis using Cu Kα radiation (RINT-Ultima III, Rigaku). The diffusereflection spectra of the crystalline samples was measured by a UV-visible spectrometer (V570, JASCO) attached to an integral sphere. The PL and photoluminescence excitation (PLE) spectra of the samples were measured using a spectrofluorometer (RD-2200F, SHIMADZU) with a xenon lamp as the excitation source. In the spectral measurements, the crystalline samples with powder size of ca. 4-6 μm were used. Filling factor of the crystalline phases in sample folder was estimated to be ~40-50%. All of the measurements were carried out at room temperature (RT).
Since the natural mineral of benitoite is crystallized only during metamorphism as previously mentioned, the direct synthesis of benitoite was firstly attempted as follows; Stoichiometric mixture of polycrystalline BaTiO3 (synthesized by a solid-state reaction) and SiO2 (amorphous), or melt-quenched sample of 20BaO·20TiO2·60SiO2 were placed in Pt capsules and treated at ~5 GPa in a belt-type high pressure apparatus at 1200°C for 1 h. After heat-treatment, the samples were cooled to RT, and the pressure was slowly released. The reactants were examined by the XRD analysis. As a result, the crystalline samples obtained after the heat-treatment with a high-pressure were not the benitoite phases, but mainly BaTiSi2O7 phase or mixture of BaTiSi2O7 and Ba2TiSi2O8 phases, which were easily crystallized in atmospheric pressure. 7) , 8) This result strongly suggests that the application of higher pressure is necessary for the direct synthesis of benitoite and thus, the formation of benitoite phase in the BaO-TiO2-SiO2 system is accompanied the technical difficulty. Figure 1 shows the powder XRD patterns of the crystalline phases synthesized in this study, together with that of natural benitoite. Although the sample with stoichiometric composition of benitoite, i.e., x = 0, crystallized the BaTiSi2O7 phase, in the sample with x = 0.5, the formation of impurity phase (BaTiSi2O7) was considerably prevented and the benitoite phase was significantly crystallized, and eventually, the XRD pattern in the x = 0.75 was exactly corresponded to that of benitoite, i.e., single formation of the benitoite phase. The lattice constants of a-and
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c-axes of the benitoite mineral, and the benitoite phase in the sintered matters with x = 0.5 and 0.75 were evaluated to be a = 0.6645 nm and c = 0.9752 nm, a = 0.6679 nm and c = 0.9824 nm, and a = 0.6688 nm and c = 0.9839 nm, respectively. The values of benitoite mineral obtained in this study is almost identical to those of the JCPDS card (38-0464), i.e, a = 0.66409 nm and c = 0.97579 nm. In addition, the synthesized benitoite phases were approximately 0.6-0.8% greater than those of natural benitoite. Thus, it was demonstrated that the benitoite phase could be stabilized by the partial substitution of Ge 4+ for the Si 4+ in the benitoite. In here, we should notice that the sintered matter of the nominal composition of BaTixSi3-xGexO9 with x = 0.5 is not identical to the benitoite-type BaTiSi2.5Ge0.5O9 because the benitoite phase is not singly obtained in the synthesis. But, the substitution amount of Ge 4+ in the benitoite phase with x = 0.5 should be smaller than the phase with x = 0.75 because the lattice constants of the benitoite phase in sintered matter with x = 0.5 is smaller than those of the benitoite phase with x = 0.75. Therefore, the benitoite phase appeared in the sintering matter with the nominal composition of x = 0.5 was tentatively treated as the benitoitetype BaTiSi2.5Ge0.5O9 in this study.
Choisnet et al. examined the relation between the substitution amount of Ge 4+ and the distribution of the four different types of rings in BaSn(Si3-xGex)O9 phase with benitoite structure, i.e., Si3O9, Si2GeO9, SiGe2O9 and Ge3O9 rings, by means of a vibrational spectroscopy. 9) Referring to their results, the percentages of Si3O9, Si2GeO9 and SiGe2O9 rings in the benitoite-type BaTiSi2.5Ge0.5O9 and BaTiSi2.25Ge0.75O9 are estimated to be ~62%, ~33% and ~4%, and ~50%, ~36% and ~11%, respectively. Therefore, it is expected that the phase-stabilization of the benitoite is accomplished by the increase in size of the ring unit, i.e., formation of the Si2GeO9 and SiGe2O9 rings.
Apart from the diffuse-reflection spectra, the optical spectra of the synthesized benitoite phase revealed great similarities to those of the natural benitoite: The diffuse-reflection spectra of the synthesized benitoite phases in this study are shown in Fig.  2 , together with that of pulverized benitoite. In the case of natural benitoite, very broad absorption in the longer wavelength region of the intervalence charge-transfer (CT) transition related to the presence of a trace of Fe 2+ or Ti 3+ is confirmed.
3),10) On the other hand, the synthesized benitoite phases in this study apparently indicated white color and no absorption band in the visible region because of free from the impurities. In addition, the large absorption band around 300 nm in the synthesized benitoite phases and natural benitoite were confirmed. It is attributed to the CT transition from the 2p orbitals of the surrounding oxygen ions to the empty outer 3d orbital of Ti 4+ in the titanium-oxygen octahedral unit, that is, O 2--Ti
3) Furthermore, the natural benitoite indicates a small shoulder around the absorption edge, which was attributed to the defect-center, 11) in the range of 350-430 nm. Although such shoulder was also seen in the benitoite phase with x = 0.5, the phase with x = 0.75 did not indicate the shoulder. Figure 3 shows the PL and PLE spectra of the synthesized benitoite phases and natural benitoite. In the spectra, the excitation peak at ~260 nm (Excitation in Fig. 3 ) and the emission in the visible blue region (Emission) with the peak around 450 nm, corresponding to the CT transition and the transition of 3 T1 → 1 A1, which was excited by the CT transition in the TiO6 octahedra, respectively, 3) could be observed in these samples. It was also visually confirmed that the synthesized benitoite phase exposed to the UV light (λ = 254 nm) showed a clear blue emission at RT. The blue PL under the UV light in the sample with x = 0.75 is shown in the inset of Fig. 3 , as a representative. The chromaticity coordinates of the PL observed in the BaTiSi2.25Ge0.75O9 phase and natural benitoite (BaTiSi3O9) are given in Table 1 . Thus, we could confirm the function of the blue emission in the Ge-stabilized benitoite phases from both spectroscopic and visual aspects.
Although the blue PL intensity of the Ge-stabilized benitoite phases in this study was smaller than that of natural benitoite, the benitoite phase with x = 0.5 indicated a strong blue PL compared to that with x = 0.75 in spite of the presence of impurity phase. On the other hand, in previous study, the weakness of PL intensity in BaTi(Si,Ge)3O9 phase is due to the formation of oxygendefect in the TiO6 octahedron.
11) However, in this study, the shoulder around the absorption edge, corresponding to the defect-center, was also seen in the diffuse-reflection spectrum of benitoite (BaTiSi3O9). Therefore, it is considered that there is another maim factor of reduction of PL intensity in the Gestabilized benitoite phases. In order to elucidate it, we utilized the configrational-coordinate diagram, 12), 13) i.e., the potential energy of the luminescent center is plotted as a function of the configrational coordinate, r, which represents the distance of the cation-anion bond (Ti-O bond in case of this study).
The schematic configurational-coordinate diagram of (a) natural benitoite and (b) Ge-stabilized benitoite phase is shown in Fig. 4 . As seen in this schematic, the parabolic potential curves of 3 T1 and CT are closely related to the emission and thermal quenching property, respectively: One can realize that if the potential curve of the excited state (CT in this case) shifts to the positive direction (i.e., Δr > 0, Δr: the difference between the equilibrium configuration of the excited state and that of the ground state), the increase in Δr leads to decrease in the activation energy, ΔE (the difference of potential energy between the intersection point of the curves of the ground state and an excited state, and the minimum of the curve of excited state), which provides thermal quenching of the emission. In other wards, the smaller the ΔE (i.e., larger Δr) is, the easier the luminescent center goes back to the ground state of 1 A1 by thermal activation, accompanied with the radiation of heat, i.e., non-radiative relaxation. In addition, if the temperature around the emitting phosphor increases, the emission intensity gradually decreases and subsequently, the intensity suddenly falls down as the surrounding temperature approaches a certain point, i.e., quenching temperature, Tq. Thus, this schematic picture convinces us that in the case of luminescent material with the Tq in the vicinity of RT or at a moderate high temperature, the emission intensity detected at RT is decreased as increasing the Δr.
Let us consider the case of Ge-stabilized benitoite phase in this study: By the introduction of Ge 4+ into the (Si3O9) 6-ring, the lattice constants are increased. It is considered that the introduction of Ge 4+ also lead to the increase of Δr in the benitoite phases because Paulusz reported that the increase in Δr of the excited state and the decrease in Tq with increasing the lattice constant by means of the substitution of M in Mn 4+ -doped Cs2SiMF6 (M: Si, Ge, Mn, Ti, etc.). 14) In addition, the Tq of benitoite, and Ti 4+ -doped bazirite (BaZrSi3O9) and pabstite (BaSnSi3O9), which are isostructural of benitoite, is not so high, approximately Tq = 500-600 K.
3),11),15) Consequently, we concluded that the decrease in intensity of blue PL in the Gd-stabilized benitoite phases originated from the shift of Tq to lower temperature, which was caused by the increase in Δr due to introduction of larger Ge 4+ into the ring structure.
In summary, we synthesized the benitoite phases stabilized by the partial germania-substitution showing a clear blue emission, and compared their optical properties to those of natural benitoite. The benitoite phase was mainly crystallized in the sintered matter with the nominal composition at x = 0.5 in the BaTiSi3-xGexO9 by a solid-state reaction, and then completely stabilized at the x = 0.75. It was proposed that the introduction of Ge 4+ into the BaTiSi3O9 composition led to the formation of germanosilicate rings in the benitoite phase, i.e, mainly the Si2GeO9 ring, and these rings played a significant role in the phase-stabilization. The photoluminescence (PL) in the blue region with the peak at ~430 nm was observed in the synthesized benitoite phases at room temperature under UV excitation. Although a sufficient blue emission was confirmed in the synthesized benitoite phases, the Ge-substitution for the purpose of stabilizing the benitoite structure also caused the reduction in PL intensity, approximately 0.3-0.4 times as large as that of natural benitoite. It was suggested that the reduction in the blue PL was caused by the shift of quenching temperature, Tq, to lower temperature, which was caused by the increase in Δr due to introduction of larger Ge 4+ into the benitoite phase. Although the Ge-substitution is very effective in the phase stabilization of benitoite, it is unfavorable for the efficient blue emission at RT.
